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by chromosome instability (CIN) 
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“Let me add…a consideration of the inheritance of tumors…In order
 that a tumor may arise in such cases, the homologous elements in
 both series of chromosomes must be weakened in the same way” 
       Theodor Boveri, pathologist, 1914
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External and internal sources of 
chromosomal fragility
Repeats can be a source of fragility 
Chromosomal fragility sites
FRAXA, FRAXE, FRAXF, FRA11B, FRA16A, FRA10A are
 “rare” folate sensitive fragile sites occurring due to CGG
                           expansions
FRA10B and FRA16B are comprised of AT-rich minisatellites
Fragile X
At-risk motifs
Palindromes and genetic instability
Hagia Sofia (537 AD)
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“Wash your sins, not just your face”
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Sources of repetitive sequences capable
of adopting hairpin and cruciform
structures
• Inherently present in the human genome
  (e.g. Y chromosome, ribosomal cluster, t(11;22), NF1)
Human DNA Palindrome Database at http://vhp.ntu.edu.sg/hpaldb
Lu et al., Funct. Integr. Genomics 2007
• Transposition
  (e.g. Alu elements)
•  Expansion of repeated sequences that have
internal symmetry
  Triple repeats - CTG/CAG, CCG/CGG
  Di-nucleotide repeats  AT-  or CG - rich)
•  Human cancer cell lines enriched with palindromes
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Sources of repetitive sequences capable
of adopting hairpin and cruciform
structures
• Inherently present in the human genome
  (e.g. Y chromosome, ribosomal cluster, t(11;22), NF1)
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• Transposition
  (e.g. Alu elements)
• Expansion of repeated sequences that have
internal symmetry
  Triplet repeats - CTG/CAG, CCG/CGG
  Di-nucleotide repeats  AT or CG
•  Human cancer cell lines enriched with palindromes
   (Tanaka et.al., Nature Genetics 2005)
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Alu repeats in the human genome
DSB
Intact chr. II
Chromosomal fragility in yeast strains
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Experimental system to study chromosomal
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Polymerase d mutants are prone for 
inverted repeat-mediated fragility    
Pursell et al., Science, 2007
Eukaryotic replication fork 
Depletion of replication proteins increases 


























Depletion of replication proteins increases 



























2D analysis of the replication fork
 progression
Wild type pol3-6PL E. coli
Inverted Alus block replication  progression
 pol3-P644L E. coli
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Long quasi-palindromes induce 
hairpin-capped breaks
Lobachev et al, Cell 2002
?
Long quasi-palindromes induce 
hairpin-capped breaks
Lobachev et al, Cell 2002
?
Does not depend 







Long quasi-palindromes induce 
hairpin-capped breaks
Lobachev et al, Cell 2002
Long quasi-palindromes induce 
hairpin-capped breaks
Lobachev et al, Cell 2002

























How and when the cruciform structure is
formed?
Klein HL, Mol. Cell, 2007
DNA damage tolerance and template
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DNA damage tolerance and template

















Chromosome fragility due to compromised
replication requires some components of
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Working model for cruciform-mediated 
fragility





























Chr V Chr V
Wild type Arm loss strains
Collaboration with Dr. Thomas Petes’ laboratory at Duke University
Comparative genome hybridization on
microarrays
Colored by: 65 (Default Interpretation)






























Analysis of genome architecture of CanR
Ade- clones using CGH
Narayanan et al, Cell 2006




Chr V Chr V
Collaboration with Piotr Mieczkowski and Tom Petes
Duke University 
Dynamic Molecular Combing and FISH to
analyze the structure of rearranged
regions
Michalet et al, Science 1997 (A. Bensimon lab, Pasteur Institute)
MES, pH 5.5
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Chr V Chr V
Mechanism of gross chromosomal
rearrangements induced by inverted Alu
repeats
Breakage/fusion/bridge cycle as a
mechanism for gene amplification
1941
Mechanism of gross chromosomal
rearrangements induced by inverted Alu
repeats
At-risk motifs
Mirkin et al., Nature 1987
GAA/TTC repeats can adopt triplex 
(H-) DNA

GAA/TTC expansions in the human genome
There are nearly a 1000 other loci that 
have GAA repeats!
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There are nearly a 1000 other loci that 
have GAA repeats!
Can long GAA/TTC tracks induce 
chromosomal instability?
There are nearly a 1000 other loci in the human
genome that contain GAA/TTC tracks!
Friedreich’s ataxia patients have 66-1,700 repeats!
Induction of arm loss events depends on size
and orientation of GAA/TTC repeats
Induction of arm loss events depends on size
and orientation of GAA/TTC repeats
340 copies of GAA/TTC repeats inhibit
progression of chromosomal DNA replication
only in one orientation!
wt wt
CanR Ade-clones
Chr V Chr V
GAA/TTC repeats induce specific type of 
chromosomal rearrangements
* * * ** * * * * *


















Induction of GCR events by GAA/TTC repeats 
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Mechanism of MMR-dependent chromosomal fragility
induced by GAA/TTC repeats 
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the secondary structure
Inverted repeats GAA triplet repeats
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    with expanded GAA-rich 
       tracks is the donor)
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• Resolving Holliday junctions
• RuvA and RuvB are helicases
• RuvA tertamer recognizes and binds junctions
• Two RuvB hexameric rings bind diametrically
opposite
• Form resolvasome with RuvC endonuclease
Crystal structure of human RuvBL1
protein-interacting
DNA-binding
Matias et al., JBC, 2006
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